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7SK RNABin3 was ﬁrst identiﬁed as a Bicoid-interacting protein in a yeast two-hybrid screen. In human cells, a Bin3
ortholog (BCDIN3) methylates the 5′ end of 7SK RNA, but its role in vivo is unknown. Here, we show that in
Drosophila, Bin3 is important for dorso-ventral patterning in oogenesis and for anterior–posterior pattern
formation during embryogenesis. Embryos that lack Bin3 fail to repress the translation of caudal mRNA and
exhibit head involution defects. bin3 mutants also show (1) a severe reduction in the level of 7SK RNA,
(2) reduced binding of Bicoid to the caudal 3′ UTR, and (3) genetic interactions with bicoid, and with genes
encoding eIF4E, Larp1, polyA binding protein (PABP), andAgo2. 7SKRNA coimmunoprecipitatedwith Bin3 and is
present in Bicoid complexes. These data suggest amodel inwhich Bicoid recruits Bin3 to the caudal 3′UTR. Bin3's
role is to bind and stabilize 7SK RNA, thereby promoting formation of a repressive RNA–protein complex that
includes the RNA-binding proteins Larp1, PABP, and Ago2. This complex would prevent translation by blocking
eIF4E interactions required for initiation.Our results, togetherwithprior networkanalysis inhuman cells, suggest
that Bin3 interacts withmultiple partner proteins, methylates small non-coding RNAs, and plays diverse roles in
development.rtment of Biochemistry and
0 East Adams Street, Syracuse,
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Bicoid is a morphogen that binds DNA and stimulates transcription
of different target genes at discrete positions along the anterior–
posterior axis of the developing Drosophila embryo (Berleth et al.,
1988; Driever and Nüsslein-Volhard, 1988; Driever et al., 1989). Key
to its function, Bicoid protein is present in a steep concentration
gradient emanating from the anterior pole of the embryo. This
gradient enables Bicoid to specify multiple cell fates. Bicoid has a
second function; it binds to maternal caudal mRNA and represses its
translation (Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996),
effectively establishing a posterior to anterior gradient of Caudal
protein. The opposing gradients of Bicoid and Caudal proteins are
important for proper development of the head, thorax, and abdomen
(Rivera-Pomar and Jackle, 1996). Bicoid's functions in transcription
and translation are likely mediated by the interaction of Bicoid with
distinct proteins in different cellular compartments.To identify complexes important for each of Bicoid's functions, we
carried out a customized two-hybrid screen (Zhu and Hanes, 2000).
We identiﬁed two proteins, Bin1 (dSap18) and Bin3. dSap18 is part of
a histone deacetylase complex that modulates Bicoid's transcriptional
activity in the anterior tip of the embryo (Singh et al., 2005; Zhu et al.,
2001). We proposed that Bin3 (Bicoid interacting protein 3), a
previously uncharacterized protein, provided a link between Bicoid
and complexes required for its translation regulation function (Zhu
and Hanes, 2000). This was based on the ﬁnding that Bin3 contains an
S-adenosyl-L-methionine (SAM or AdoMet) binding domain with
similarity to those found inmethyltransferases, enzymes that catalyze
the covalent attachment of methyl groups to lysine or arginine
residues in proteins or to small RNAs (Aletta et al., 1998; Bachand,
2007; Bedford and Richard, 2005; Fauman et al., 1998). AdoMet serves
as the methyl donor for these enzymes, which often play roles in RNA
metabolism, including RNA processing and transport, and protein
translation (reviewed in Bedford and Clarke, 2009, and Lee and
Stallcup, 2009).
A study by Jeronimo et al. (2007) suggested that Bin3 methylates
RNA rather than proteins. These authors identiﬁed an apparent
human Bin3 ortholog, BCDIN3, which in vitro, methylates the 5′
γ-phosphate on 7SK RNA, a small nuclear RNA transcribed by RNA
polymerase III. 7SK RNA is part of a complex that inhibits the pol II
transcription elongation factor, P-TEFb. BCDIN3 was discovered as
part of this complex, containing Cdk9, and two 7SK RNA-binding
proteins, HEXIM1, and La-related protein LARP7. BCDIN3 was also
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and BCDIN3 share similarity in the AdoMet binding domain and a
region in the C-terminus of BCDIN3 called the Bin3 domain. Outside
of these domains, there is little similarity, raising the question of
whether Bin3 (1368 aa) and BCDIN3 (689 aa) have similar target
speciﬁcities.
Relatively little is known about the role of RNA methyltrans-
ferases during development. A recent study in zebraﬁsh, in which
zBCDIN3 was knocked down using morpholinos, indicated that
BCDIN3 is necessary for vertebrate development, with knockdown
ﬁsh displaying transcription elongation and RNA splicing defects, as
well as aberrant anterior (brain) morphologies (Barboric et al.,
2009).
Here, we report a molecular, genetic, and phenotypic analysis of
the Bin3 methyltransferase in Drosophila. We found that bin3 is
required for formation of the head and thorax and that bin3 mutants
fail to repress caudalmRNA translation in the anterior, indicating that
Bin3 is necessary for Bicoid-dependent translation repression. We
tested the idea that Bin3 might function by methylating Bicoid, or a
component of the mRNA translation machinery or a small non-coding
RNA necessary for caudal repression. Our results are consistent with
Bin3 binding to andmethylating the non-coding 7SK RNA and playing
a critical role in stabilizing a translation repression complex that relies
on RNA–protein interactions. Bin3 also has a role in oogenesis, with a
loss of bin3 causing a dorsalized egg phenotype, and overexpression of
bin3 causing a ventralized phenotype. These phenotypes may be due
to aberrant expression of Gurken protein. Models for Bin3 function in
translation regulation are discussed.Materials and methods
Drosophila stocks
w1118 was used as wild type. Stocks were from the Bloomington
Stock Center, except where noted: y1 w67c23; P{SUPor-P}bin3KG00599/
CyO; y1 w67c23; (UAS-bin3) P{EPgy2}bin3EY11308; P{lacW}l(2)SH1014
[SH1014]/CyO (Oh et al., 2003), or from H. Bellen: y1 w67c23; P{SUPor-P}
bin3KG01806/CyO; or Exelixis: PBac{RB}bin3e02231/CyO; P{XP}bin3d01198/
Cyo; PBac bin3f00056/Cyo; P{XP}d02161/Cyo. The bin3 deﬁciency line used
was Df(2R)Drl[rv25]/CyO. (Flipase) yw P{w=hsFLP}122; (Gal4) w*; P
{matα4-GAL-VP16}V37; (bcdE1) th1 st1 kniri-1 bcd6 rnroe-1 pp/TM3, Sb1;
D4EHPCP53 (Cho et al., 2005); (eIF4E) eIF-4E67Af kniri-1 e4/TM3, Sb1;
(eIF4E) P{PZ}eIF-4E07238 ry506/TM3, ryRK Sb1 Ser1; (eIF4A) P{PZ}eIF-
4a02439 cn1/CyO; ry506; (Cdk9) w1118; PBac cdk9f05537/CyO; (AGO2) w*;
AGO2414/TM3, Sb1 (Okamura et al., 2004); (Larp1) ry506 P{PZ}larp06487/
TM3, ryRK Sb1 Ser1; (pAbp) y1 w67c23; P{lacW}pAbpk10109/CyO; (7SK) y1
w67c23; P{SUPor-P}KG00819 ry506 and w1118; Df(3R)ED5221/TM3, Ser1.Generation of bin3 mutant alleles
Deletion alleles were generated by FLP-induced recombination
between FRT insertion lines (XP1198-WH0056 and RB2231-XP2161)
from the Exelixis collection as described (Parks et al., 2004), with
the Flipase provided maternally. Deletions were conﬁrmed using
PCR.BIN3 rescue construct
A bin3 rescue transgene was constructed using a full-length bin3
cDNA fused to the maternally expressed hsp83 promoter (see
Supplement for details). Insertions were generated by BestGene
(Inc.) using the site-speciﬁc ϕC31 integrase system (Bischof et al.,
2007).RNA isolation and Northern blot hybridization
RNA was prepared from ~200 μl of 0- to 4-h old embryos using Tri-
reagent (Molecular Research, Inc.) and puriﬁed with a Poly AT-tract
mRNA isolation kit (Promega). Poly(A) RNA was fractionated, trans-
ferred to Duralon-UV™ membranes, and hybridized to a [32P]-labeled
3.7-kb XhoI fragment of the bin3 cDNA. Signals were detected with a
phosphorimager (Molecular Dynamics).
Quantitative real-time PCR
RNA for RT-PCR and qRT-PCR was puriﬁed using TriReagent and
DNAse treated using DNase I (Ambion). cDNA was synthesized using
random hexamers or oligo(dT) (Bioline) and used for qRT-PCR with
SYBRgreen (USB) and anABI Prism7000detection system.Quantitation
was by the comparative CTmethod (Applied Biosystems), normalized to
rpl323 expression.
In situ protein and RNA staining
Embryos, larvae, and ovaries were collected and ﬁxed as described
(Patel, 1994)(Singh et al., 2005) (Clouse et al., 2008). For antibody
staining, rabbit anti-Caudal antibody (gift of P. MacDonald, University
of Texas, Austin) was used at a 1:50 dilution and was detected using
donkey anti-rabbit HRP conjugated secondary antibody (1:200).
Gurken antibody, 1D12, (gift of T. Schupbach, Princeton University)
was used at a 1:10 and detected using Alexa 568 (Molecular Probes).
Digoxigenin-labeled UTP-RNA probes were used for detection of
mRNAs in situ.
RNA immunoprecipitation
The RIP procedure was adapted from (Gilbert and Svejstrup, 2006)
with modiﬁcations for Drosophila embryos (see Supplemental
Materials). Zero- to four-hour embryos were bleach dechorionated
and ﬁxed in 1.8% formaldehyde for 15 min. The reaction was stopped
by addition of 2.5 M glycine, and the embryoswerewashed in PBT and
resuspended in lysis buffer and sonicated for with a Bioruptor
(Diagenode). Lysates were incubated with either preimmune sera
(1:10), pre-adsorbed anti-Bin3 sera (1:10), or anti-Bcd antibodies
(1:50 dilution, Santa Cruz) overnight, and then reacted with protein G
Dynabeads (InVitrogen). [Bin3 antiserum was generated in rabbits
against a peptide, RLDQTSRQEPLPQQPDNGPA, by (Open Biosystems)
and pre-adsorbed against bin3Δ embryos.] Crosslinks were reversed
by incubating samples at 65 °C for 5 h, and the precipitate was treated
sequentially with Proteinase K, then DNaseI. RNA was extracted using
acid phenol:chloroform, and treated again with DNaseI before reverse
transcription and ampliﬁcation using an RT-PCR kit (USB). The USB
protocol uses primer mixes composed of both oligo-dT and random
hexamers, which maximizes ampliﬁcation of both poly(A) and non-
poly(A) RNAs. For each biological replicate, the same cDNA prepara-
tions were split and used as templates for qRT-PCR measurements of
individual of query genes. In doing so, the RIP data for individual
genes are directly comparable independent of the amount of Bin3 or
Bcd pulled down.
Results
Generation of bin3 null alleles
Several Drosophila lines containing P-element insertions in the
bin3 locus were obtained from existing collections (Fig. 1A). Their
locations, mostly in non-coding regions, were conﬁrmed by PCR
ampliﬁcation. The insertions resulted in hypomorphic alleles of
varying severity, with KG00599/Df(2R) showing the largest loss of
bin3 expression, and the most severe phenotypes (data not shown).
Fig. 1. Structure and expression of the bin3 locus. (A) Schematic of the bin3 locus on chromosome 2 (42A13–14), indicating selected P-element insertions and the deletions in two
excision alleles (not drawn to scale). Two transcripts with unique 5′ ends have been identiﬁed (Zhu and Hanes, 2000). These are presumed to be products of two different promoters,
P1, and P2, as indicated. The predicted translation start site is within exon 2. The methyltransferase domain (S-adenosyl-L-methionine binding site) is within exon 5. The open
reading frame, CG8330 (tomboy 40), is within a 5′ intron but is only expressed in the male germline (Hwa et al., 2004). (B) Quantitative reverse-transcription real-time PCR analysis
(total RNA) of bin3 and neighboring genes CG8330 (tomboy) and pld, and caudal in the indicated mutant backgrounds. The bin3Δ embryos analyzed here were from homozygous null
(bin34–7/bin32–7) parents. The rescue embryos were homozygous null as above, with 2 copies of a bin3 cDNA rescue transgene driven by the maternal hsp83 promoter (at 25 °C). For
overexpression (OE) 1× and 2× refers to a maternal GAL4 driver line carrying one or two copies of the UAS-bin3 insertion, respectively. In each case, the males were homozygous for
UAS-bin3, but the maternal UAS-bin3 contributions were stronger (data not shown). The control UAS-bin3 line had no GAL4 driver. (C) Northern analysis of bin3 transcripts in poly
(A) RNA from embryos (left) or ovaries (right) identifying two bin3 transcripts. A bin3 cDNA probe was used.
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excisions using FLP-induced interchromosomal site-speciﬁc recombi-
nation (Parks et al., 2004). Starting with two different combinations of
FRT-containing insertions, two independent bin3 deletion alleles were
obtained (Fig. 1A). The ﬁrst deletion, bin34–7, removes bin3 exons 4–7,
including the AdoMet binding domain and the conserved “Bin3
domain” in the C-terminus. The second deletion, bin32–7, removes all
of bin3′s coding exons 2–7.
To conﬁrm that the bin3 deletions show a loss of expression of full-
length bin3 RNA, we used quantitative real-time PCR. We also
examined the expression of CG8330, which lies within the ﬁrst intron
of bin3, and pld1 (phospholipase D), which lies immediately
downstream of the bin3 locus (Fig. 1A). For these experiments, poly
(A) RNA from the newly created bin3 deletions was reverse
transcribed, ampliﬁed with probesets corresponding to the 5′ end
(exon P2–exon2) and middle (exons 3–5) of bin3. No bin3 products
were detected in the bin32–7/Df(2R) mutant, and in bin34–7/Df(2R),
the 5′ product (P2–exon2) was reduced N3-fold while the middle
product (exons 3–5) was absent entirely (data not shown). In the
bin34–7/bin32–7 homozygous mutant (bin3Δ) no product (exons 3–5)was detected, and there was no effect on the expression of CG8330 or
pld1 genes (Fig. 1B). A rescue transgene restored bin3 expression to
~50% of the wild type (Fig. 1B).bin3 shows maternal and zygotic expression
In wild-type embryos, we detect two developmentally regulated
bin3 transcripts (Fig. 1C). The smaller transcript is most abundant
during early embryogenesis (0–2 h), while the larger transcript
becomes more abundant during late blastoderm stages (2–4 h) and
beyond suggesting the product of the P1 promoter is only produced
maternally, while the product of the P2 promoter is bothmaternal and
zygotic. The smaller size of the P1 non-coding exon relative to the P2
non-coding exon explains why thematernal-only transcript is smaller
than the zygotic transcript (Fig. 1A). Previous 5′-RACE showed that
transcripts produced by both promoters are present in 0- to 4-
h embryos, and that bin3 mRNA is distributed uniformly throughout
the embryo (Zhu and Hanes, 2000). Both transcripts are expressed at
high levels in ovaries (Fig. 1D).
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To determine whether bin3 is important for embryonic develop-
ment we generated a variety of bin3 mutant lines and examined
progeny for viability (Table 1). Our analysis showed a number of very
strong phenotypes. First, there is a severe defect in oogenesis.
Homozygous null (bin34–7/bin32–7) females lay eggs, however, up to
~50% do not initiate development (Table 1), and many show a
dorsalized phenotype (discussed in later sections). Second, among the
eggs that do initiate development, up to ~20% fail to complete
embryogenesis and of these, nearly all display severe head defects and
die as unhatched larvae or die soon after hatching (e.g., Table 1, lines
5, 7, 8). Embryonic lethality increases to 30–40% when maternal bin3
insertion alleles are placed over a deﬁciency, which might reﬂect
cumulative effects from other deleted loci (e.g., lines 2, 9). Homozygous
bin34–7/bin34–7 or bin32–7/bin32–7 animals were never recovered,
perhaps due to background effects. Mothers in which the deletion
alleles were placed over a deﬁciency showed a signiﬁcant rate of
embryonic lethality, 27% for bin34–7/DF(2R), and 33% for bin32–7/Df(2R).
Importantly, although the embryonic lethal phenotypes of bin3 alleles
showed a strong maternal effect (e.g., compare lines 4 and 5, 6 and 7),
there is also a signiﬁcant paternal component (e.g., compare lines 5 andTable 1
Genetic analysis of bin3 mutant phenotypes.
Relevant genotype
(female×male)
n Developed
(%)
Embryonic
lethalitya (%)
Head
defectsb (%)
1 w1118×w1118 463 99 1.0 nd
2. Df 2Rð Þ+ × w1118 537 80.6 7.6 50
bin3 loss of function
3. bin3
4−7
+ ×
bin32−7
+ 500 97 2.9 70
4. w1118 × bin3
4−7
bin32−7
613 98.6 0.8 nd
5. bin3
4−7
bin32−7
× w1118 676 52.5 6.2 80
6. w1118 × KG0599Df 2Rð Þ 242 92.1 2.7 nd
7. KG0599Df 2Rð Þ × w1118 535 41.1 22.7 89
8. bin3
4−7
bin32−7
× KG0599Df 2Rð Þ 823 50 18.7 90
9. KG0599Df 2Rð Þ ×
bin34−7
bin32−7
800 65 32 93
bin3 mutant rescue
10. bin3
4−7
bin32−7
; bin3 cDNA+ ×
KG0599
Df 2Rð Þ 275 79 5 50
11. bin3
4−7
bin32−7
; bin3 cDNAbin3cDNA ×
KG0599
Df 2Rð Þ 302 84.7 2.7 50
bin3 gain of function
12. UAS−bin3UAS−bin3 ×
UAS−bin3
UAS−bin3 572 91.4 7.5 75
13. UAS−bin3+ ;GAL4 ×
UAS−bin3
UAS−bin3 631 47 65 90
c
14. UAS−bin3UAS−bin3 ;GAL4 ×
UAS−bin3
UAS−bin3 615 18.6 82.6 90
c
bin3 and bcd
15. bcd
E1
+ × w1118 312 97.7 1.6 nd
16. bin3
4−7
bin32−7
; bcdE1+ × w1118 708 83.2 15.1 95
17. bin3
4−7
bin32−7
; bcdE1+ ×
KG0599
Df 2Rð Þ 656 71 27.6 99
18. bcd
E1
Df 2Rð Þ × w1118 595 83.2 9 90
19. KG0599Df 2Rð Þ ;
bcdE1
+ × w1118 420 33.6 41.8 99
20. KG0599Df 2Rð Þ ;
bcdE1
+ ×
bin34−7
bin32−7
850 69 52 99
nd=None detected.
a The percent lethal is based on the number of embryos that initiated development.
Embryos that remained totally undeveloped (looked like unfertilized) were not
included in the two columns on the right. Of the developed eggs, lethality (typically 20–
40%) was scored as arrested embryos or embryos that hatched as 1st instar larvae and
then died shortly thereafter. For example, in line 8, of the 873 scored, 50% underwent
development. Of these embryos (436), 18.7% were lethal (82), and of these, 90% (73)
showed easily scorable head defects.
b Head defects were scored using cuticle preparations as shown in Fig. 3.
c Head phenotypes in overexpressors varied from failure to involute to complete
absence of head structures.8, 7 and 9). Perhaps zygotic bin3 is expressed early enough to enhance
maternal function.
Finally, the bin3Δ phenotypes can be rescued by introduction of a
transgene construct in which a bin3 cDNA is driven by the maternally
active hsp83 promoter. Onematernal copy of the transgene signiﬁcantly
rescues the oogenesis defects (79% developed vs. 50% without the
transgene) and embryonic defects (only 5% lethality vs. 18.7%) (Table 1,
lines 8 vs. 10). And, among those embryos that developed, 50% hadhead
defects rather than 90% without the transgene. Two maternal copies of
the bin3 transgene rescues slightly better (Table 1, line 11). Expression
levels of bin3 in embryos homozygous for the rescue construct are only
slightly less than wild-type embryos (Fig. 1B). From these data, we
conclude that bin3 is required (maternally) for oogenesis, and both
maternally and zygotically for embryonic development.
Genetic interaction between bin3 and bcd
Given that Bin3 was discovered as a Bicoid-interacting protein and
that the two proteins interact in vitro (Zhu and Hanes, 2000), we
tested whether bin3 and bcd mutations show a genetic interaction in
vivo. Such an interaction might indicate that Bin3 functions with
Bicoid to direct anterior patterning. If true, then reducing the dosage
of bcd should enhance the defect in bin3 mutant embryos. Indeed,
introducing a bcd null allele (bcdE1), which shows little or no lethality
in heterozygous mothers (Table 1, line 15), increases embryonic
lethality with all combinations of bin3 alleles (Table 1, e.g., compare
lines 5 and 16, 8 and 17; and 7 and 19, 9 and 20). These results indicate
that bin3 and bcd interact genetically, suggesting that their protein
products function in the same or parallel pathway(s).
Bin3 mutants have anterior pattern defects
We next examined bin3 mutant embryos and ﬁrst-instar larvae
and found that the lethality was due to anterior patterning defects
(Fig. 2A, B). Unhatched larvae from bin3 mutant mothers showed
head involution defects and a general disorder in the formation and/or
organization of the head skeleton, with the frequency and the severity
of the phenotype being higher in larvae derived from crosses with
bin3 mutant males (Fig. 2C). In the most severe cases, head skeletal
structures were entirely absent. Abdominal regions were generally
not effected, while thoracic regions were sometimes abnormal
(missing or reduced segments, data not shown), as previously
observed in mutants in which caudal was overexpressed (Mlodzik
et al., 1990). For about half the embryos, the mutant phenotypes were
completely rescued by the bin3 transgene (Fig. 2D).
Interestingly, there was an absence of posterior duplications that
occurred with strong bcd alleles. Instead, the bin3mutant phenotypes
most resembled embryos in which Caudal protein is ectopically
expressed in the head (see below). In bcd bin3 double mutants,
anterior defects were more severe (Fig. 2E), as expected given the
higher levels of lethality (Table 1). Finally, overexpression of bin3
using a UAS system andmaternal GAL4 driver (OE1x; details described
below) resulted in a very high penetrance of mutant embryos in
which head involution was also disrupted (Fig. 2F; Table 1, lines 12–
14). At the higher levels of overexpression (2 copies of maternal UAS-
bin3; OE2x), head skeletal structures were completely absent and
segmentation defects were more severe (data not shown). These
results suggest that Bin3 protein functions along with Bicoid to help
pattern the anterior.
bin3 mutations do not effect transcription of Bicoid-dependent genes
To determinewhether Bin3 affects Bicoid's gene activation function,
we examined the expression patterns of the gap gene hunchback (hb)
and the head-gap gene orthodenticle (otd), which are direct targets
of Bicoid transcription regulation (Driever and Nüsslein-Volhard,
Fig. 2. bin3mutant embryos have anterior patterning defects. Cuticle preparations of ﬁrst-instar larvae are shown, anterior left, and dorsal up. Larvae shown are progeny of crosses of
the following genotypes (female listed ﬁrst): (A) w1118×w1118, (B) bin34–7/bin32–7×w1118, (C) bin34–7/bin32–7×KG0599/Df(2R), (D) bin34–7/bin32–7; bin3 cDNA/+×KG0599/Df
(2R), (E) bin34–7/bin32–7; bcdE1/+×KG0599/Df(2R), (F) UAS-bin3/+; GAL4/+×UAS-bin3/UAS-bin3. Head and thoracic defects are visible in bin3 mutants: the head skeleton is
collapsed, and anterior structures, including the dorsal arm, dorsal bridge, labrum, and mouth hook, fail to localize correctly as head involution is defective.
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patterns of either hb or otd were detected in bin3 mutant embryos,
even using the strongest allelic combinations (Fig. 3A, rows 1 and 2,
and data not shown), suggesting that Bin3 does not play a role in
Bicoid-dependent transcription. Similarly, we found no defects in
bin3 mutant embryos on the expression of Bicoid-dependent genes
tailless and huckebein, which are involved in head formationFig. 3. Bin3 is required for caudal repression in the anterior. (A) In situ hybridization or antib
or Caudal protein as indicated. Wild-type embryos (row 1) were w1118. bin3Δ mutant emb
bin3 overexpressing embryos (row 3) were derived from the following cross: UAS-bin3/+
embryos. Genotypes are as describe in (A) above and in Fig. 2.(Pignoni et al., 1992; Weigel et al., 1990) or three pair-rule genes,
even-skipped, hairy and fushi-tarazu, which are sensitive indicators
of Bicoid activity (La Rosee et al., 1997; Small et al., 1991; Yu and
Pick, 1995) (Fig. 3A and data not shown). These results suggest that
the mutant head and thoracic phenotypes observed in bin3 mutant
embryos are not due to a defect in transcription regulation by
Bicoid.ody staining of blastoderm-staged embryos was used to detect hb, ftz and caudalmRNA,
ryos (row 2) were obtained from the following cross: bin34–7/bin32–7×KG0599/Df(2R).
; GAL4/+×UAS-bin3/UAS-bin3. (B) Antibody staining for Caudal protein in blastoderm
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To test whether loss of bin3 affects Bicoid's translation regulation
function, we examined expression of Caudal protein, whose transla-
tion is downregulated by Bicoid in the anterior of the embryo
(Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996). If Bin3 is
important for caudal repression, then bin3 mutants should resemble
certain bcd mutants that fail to repress translation of caudal mRNA in
the anterior (but still activate hb transcription (Niessing et al., 2002,
1999, 2000). This is exactly what we observed.
As shown in Fig. 3A, caudal mRNA, which is normally distributed
uniformly throughout the embryo, was not affected in bin3 mutant
embryos. Quantitative RT-PCR also showed that level of caudalmRNA
is not affected in bin3 mutant embryos (Fig. 1B). Caudal mRNA
expression was also normal in late-stage embryos (data not shown).
In contrast, Caudal protein expression was de-repressed in the
anterior of bin3Δ embryos. Whereas in wild-type embryos the
expected posterior–anterior gradient of Caudal protein was visible,
in bin3 mutant embryos, this gradient was either absent or severely
reduced (Fig. 3B). The stronger the bin3 allelelic combination, the
greater the frequency and the severity of loss of the Caudal protein
gradient (data not shown). The Caudal gradient was restored by the
bin3 rescue transgene (Fig. 3B). The Caudal protein gradient was also
absent or reduced in bin3ΔbcdE1 double mutant embryos, whereas in
strains overexpressing bin3, Caudal staining was restricted to nuclei in
the extreme posterior of the embryo (OE1x) or eliminated almost
entirely (OE2x) (Fig. 3B).
Thus, caudal protein levels, but not mRNA levels, are misregulated
in bin3 mutants, suggesting that Bin3 is required for downregulating
caudal mRNA translation. It is also formally possible that Bin3 acts to
degrade Caudal protein, and that Caudal protein is somehow
stabilized in bin3 mutants, but this seems unlikely, since the amount
of Caudal protein is not increased in the posterior regions of bin3
mutant embryos (data not shown).
bin3 mutants show dorso-ventral defects in oogenesis
As described above, maternal bin3 loss-of-function mutants show
oogenesis defects. To gain insight into the role of bin3 in oogenesis we
studied both bin3 loss-of-function and bin3 overexpressing lines. Over-
expressionof ~13-foldand~28-foldwasachievedusingaUAS-containing
P-element inserted just 5′ to the bin3 P1 promoter (EY11308), and a
maternal GAL4 driver (Fig. 1B). Overexpression caused defects in
oogenesis such that only about 50% and 20% of embryos developed in
lines heterozygous or homozygous for the UAS insertion, respectively
(Table 1, lines 13, 14). The UAS-bin3 transgene in the absence of theGAL4
driver had very little effect (Table 1, line 12).
We examined both bin3Δ mutant embryos and bin3 overexpres-
sing embryos and found distinct and opposite phenotypes: about 18%
of undeveloped bin3Δ embryos showed overt dorsalization (Table 2),
occasionally displaying ectopic dorsal appendages (Fig. 4A, B).
In contrast, undeveloped bin3 overexpressing embryos showed
dose-dependent ventralization (Table 2), with completely fused
dorsal appendages at a frequency of up to 5% (Fig. 4C). We note that
dorsalized bin3Δ mutant embryos were usually smaller than wild
type. The bin3Δmutant phenotype is reminiscent of certainmutationsTable 2
Oogenesis defects in bin3 mutant and overexpressing embryos.
Maternal genotype Number scored (n) Normal (%) Dorsalized (%)
Wild type 100 100 nd
bin3Δ 247 81 18
UAS-bin3 106 93 7
bin3(OE)1× 170 71 nd
bin3(OE)2× 200 30 nd
Genotypes are as in Table 1. nd=None detected.in which translation repression of gurken (grk) mRNA, which is
normally restricted to a small region in the anterior–dorsal region of
the oocyte, is defective resulting in ectopic Gurken protein expression
and a dorsalized phenotype.
To test for defects in Gurken expression, we examined grk mRNA
and protein expression in oocytes. GrkmRNA appears to be normal in
both bin3Δ and bin3 overexpressing mutants compared with the wild
type (Fig. 4D–F). However, Gurken protein appears to be delocalized,
showing a more diffuse staining pattern in bin3Δ oocytes than is
observed in wild-type oocytes (Fig. 4G, H). In contrast, Grk protein in
bin3 overexpressing oocytes seems to be overly concentrated at the
anterior–dorsal tip. These patterns of expression are consistent with
the observed dorsalization and ventralization phenotypes, although
these data do not prove there is a defect in translation repression.
From these data, we conclude that Bin3 plays a critical role in dorso-
ventral patterning during oogenesis, which could involve translation
regulation (see Discussion).
Among the bin3 overexpressing embryos that escape and initiate
embryogenesis, the majority of them had lethal patterning defects,
including severe head malformations (similar to bin3Δ mutants) and
strong segmentation defects (Fig. 2F). Consistent with the segmen-
tation defects, we see aberrant expression of the pair-rule genes ftz
(expanded) and eve (reduced), although the gap gene expression hb
was not affected (Fig. 3A, bottom row and data not shown). Pair-rule
genes are known to be regulated posttranscriptionally (Raj et al.,
2000), but we do not know if bin3 functions directly in this process. In
summary, too little or too much Bin3 activity is detrimental to
oogenesis and embryonic patterning.Bin3 binds and stabilizes 7SK RNA in vivo
A putative human ortholog of Bin3, called BCDIN3, was shown to
bind 7SK RNA and monomethylate its 5′ end in vitro (Jeronimo et al.,
2007). Knockdown of BCDIN3 in cultured cells destabilized 7SK RNA
because it was no longer capped and thus more easily degraded. To
determine whether Drosophila Bin3 plays a similar role to its
mammalian counterpart, we determined whether Bin3 binds to and
stabilizes 7SK RNA in vivo.
We used RNA immunoprecipitation (RIP) to determine whether
Bin3 associates with 7SK RNA in embryos by comparing the amount of
7SK RNA immunoprecipitated using pre-immune or anti-Bin3 anti-
sera. 7SK RNA, which is about 450 nucleotides in length (Gruber et al.,
2008), was assayed using primer sets to amplify cDNA corresponding
to the 5′ or the 3′ end of the RNA. All samples were normalized to
rpl32 RNA to control for the quality and amount of RNA and the cDNA
synthesized from it. Results show that Bin3 antisera, but not
preimmune, precipitate 7SK RNA preferentially at the 5′ end, as
expected (Fig. 5A). The small amount of 3′ end of 7SK RNA detected
could be due to incomplete fragmentation of this relatively small RNA
during sonication. To demonstrate speciﬁcity, the same preimmune
and Bin3 antisera precipitates were also assayed for the presence of
the non-speciﬁc U3 RNA, and no signiﬁcant amounts were detected.
U3 and 7SK RNAs are both RNA polymerase III products, but U3 is not
capped by BCDN3 in human cells. Also, much less 7SK RNA-binding
activity is detected in embryos from bin3 mutant mothers, asMultiple appendages (%) Ventralized (%) Fused appendages (%)
nd nd nd
1 nd nd
nd nd nd
nd 28 1
nd 65 5
Fig. 4. Bin3 mutations exhibit D–V patterning defects in oogenesis and delocalize Gurken protein expression. (A) Eggshell phenotypes for a wild-type embryo, showing two normal
dorsal appendages. (B) Dorsalized eggshell phenotype typical in a bin3Δ mutant embryo. Inset shows rare example of ectopic dorsal appendages. (C) Ventralized defects in a bin3
overexpressing embryo (homozygous for the UAS-bin3 transgene), showing fusion of the dorsal appendage primordium. (D–F) In situ hybridization for grk mRNA, and (G–I)
antibody staining for Gurken protein, both in stage 9–10 oocytes.
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crossreacting with another RNA-binding protein.
Second, we examined the stability of 7SK RNA in vivo using real-
time qPCR on samples from wild-type and bin3Δ mutant ovaries and
embryos. In bin3Δmutants, the levels of 7SK RNA were reduced 140-
fold and 50-fold relative to wild type (and normalized to rpl32) in
ovaries and embryos, respectively. Quantitation was done using
linear-range real-time PCR data (see Materials and methods).
Representative end-product PCRs are shown in Fig. 5B for visualiza-
tion (i.e., not used for quantitation). A heterozygous bin3 rescue
transgene restored 7SK RNA to wild-type levels in both embryos and
ovaries, and Bin3 overexpression led to an increase of 7SK levels of
about 4- to 5-fold, compared with the GAL4minus control (UAS-bin3).
The control U3 RNA was not affected. rpl32mRNA served as a loading
control. As with the experiments done in human cells, these
experiments only measure steady-state levels of 7SK RNA but are
fully consistent with the idea that, like the human BCDIN3 enzyme,
Drosophila Bin3 caps and stabilizes 7SK RNA.
7SK RNA is also found in a complex with Bicoid
If 7SK RNA is relevant to Bin3's role in helping Bicoid to repress
caudal translation, then 7SK RNA should be present in the Bicoid-
repression complex bound to the 3′ UTR of caudal mRNA. To test this
idea, we carried out RIP of samples from 0- to 4-h embryos using
antibodies to Bicoid protein. Strong signals were observed for both 5′
and 3′ regions within 7SK RNA as expected (since Bicoid is probably
binding indirectly), and no signal was obtained for the control U3 RNA(Fig. 6A). All samples were normalized to rpl32. These results indicate
that 7SK RNA is present in Bicoid-containing complexes, most likely
the caudalmRNA repression complex (see Discussion). In bin3mutant
embryos, less 7SK RNA is pulled down with Bicoid (data not shown),
but this is not surprising given the reduced levels of 7SK RNA levels in
these embryos (Fig. 5B).Genetic interactions between Bin3 and translation initiation factors
The loss of caudal repression in bin3 mutants indicates that Bin3
helps regulate caudal translation initiation. However, the target of
Bin3, 7SK RNA, has previously been associated with a complex that
inhibits transcription rather than translation (Blencowe, 2002). It was
therefore possible that in bin3 mutants, with 7SK RNA levels down,
pTEFb would be upregulated, allowing transcription elongation to
increase the expression of genes encoding initiation factors required
for caudal translation, leading to the observed phenotypes. To test this
possibility, we examined bin3 genetic interactions with the gene
encoding Cdk9, which is the catalytic (kinase) subunit of the pTEFb
transcription elongation factor. We found no genetic interaction
(rescue) between bin3 and cdk9 (Table 3, lines 2 vs. 16), although bin3
null mutants with bcdE1 and cdk9 are sterile, perhaps indicating a role
for cdk9 in oogenesis (Table 3, line 18). In addition, we found that in
bin3 mutants, caudal mRNA levels are not changed as measured by
qRT-PCR (Fig. 1C), nor are levels of bcd, 4EHP or eIF4E (data not
shown). These data suggest that the Bin3 effects on caudal repression
are likely to be independent of the pTEFb pathway.
Fig. 5. Bin3 binds and stabilizes 7SK RNA in vivo. (A) RNA immunoprecipitation (RIP)
was performed on 0–4 h embryos using polyclonal rabbit anti-Bin3 antibodies or pre-
immune sera from the same rabbit. RNA was reverse transcribed and ampliﬁed by real-
time PCR using two different primer sets (5′ and 3′) within the 7SK RNA transcript. U3
RNA served as a control. For the bin3Δ sample, only immune sera were used. Data were
normalized to rpl32 RNA and quantitated as described in Materials and methods.
(B) End-products of qRT-PCR visualized on agarose gels (gels were not used for
quantitation). Total RNA from ovaries or embryos served as a template to amplify 7SK
and U3 RNAs, as well as a ribosomal protein gene transcript, Rpl32 used for
normalization. Quantitation was done as described in Materials and methods: 7SK
RNA levels were reduced in the bin3Δmutant by 142±1.8-fold (ovaries) and 52±1.3-
fold (embryos) vs. wild type. U3 RNA levels in bin3Δ mutants were reduced by 1.46±
1.95-fold (ovaries) and 2.0±1.1 (embryos). Overexpressing lines bin3(OE)1× and bin3
(OE)2× expressed ~4–5±1–2-fold more 7SK RNA than the control line (UAS-bin3),
whereas U3 levels were unchanged, with the exception of bin3(OE)2× which increased
3.4±1.2-fold in embryos. The genotypes are as described in Fig. 2.
Fig. 6. RNA immunoprecipitation analysis for 7SK RNA and Bicoid. RIPs were carried out
as described for Fig. 5, except that rabbit polyclonal anti-Bicoid antibodies (Santa Cruz)
were used. (A) RIP for 7SK RNA and control U3 RNA. (B) Bicoid binding to the BRE is
reduced in bin3 mutants. The locations of the 5′, 3′ and BRE qRT-PCR products are
shown in the schematic. Wild-type and bin3Δ genotypes are as in Fig. 2. Data for both A
and B were normalized to a control gene, Rpl32 and are shown for three independent
replicates. Error bars are standard deviations from the mean.
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regulate caudal translation, we made a series of double and triple
mutants defective in various translation regulators. The most obvious
candidate was d4EHP, a Drosophila protein identiﬁed as mediating
Bicoid-dependent caudal translation repression (Cho et al., 2005).
d4EHP is thought to interact simultaneously with Bicoid and the
7-methyl guanosine cap on the 5′ end of caudal mRNA to block its
translation. In our hands, the CP53 allele of d4EHP had only minor
effects on embryo development and did not enhance the bin3Δ
mutant phenotypes. In fact, in multiple crosses, d4EHPCP53 provided a
rescuing effect for both the oogenesis and embryonic phenotypes
(Table 3, lines 2 and 4 and data not shown). Based on these ﬁndings,
we do not think Bin3 acts through d4EHP to inhibit caudal translation.
Next, we examined the interaction of bin3 with the genes
encoding translation initiation factors eIF4E and eIF4A. eIF4E binds
the 7-methyl guanosine cap structure on eukaryotic mRNAs and is animportant target of regulation of protein synthesis initiation in
development (Sonenberg and Hinnebusch, 2009). Using a weak
allele, eIF4E07238, we found a slight enhancement of embryonic
lethality due to head defects (from 27.6% to 32.4%) when combined
with bin3 and bcd alleles (Table 1, line 17 vs. Table 3, line 9). However,
attempts to introduce the strong alelle eIF4E67Af into a bin3Δ/bin3Δ
bcdE1/+ background did not yield viable progeny (Table 3, line 11).
Thus, we suspect that the Bin3–Bcd complex somehow targets eIF4E
function. In contrast, we did not ﬁnd any interactions between bin3
and eIF4A (Table 3, line 2 vs. line 13), which is an ATP-dependent RNA
helicase that in mammalian cells is complexed with eIF4G (and
together bind eIF4E). This is perhaps not surprising given that in
Drosophila, eIF4A is not found in the eIF4E–eIF4G complex (Duncan
et al., 2009; Zapata et al., 1994).
A possible role for Bin3 in translation would be to methylate and
stabilize 7SK RNA, which could serve as a scaffold for RNA-binding
proteins present at the caudal 3′ UTR. In mammals, La autoantigen-
related proteins (Larp) such as LARP7 bind 7SK RNA (Krueger et al.,
2008), and one of these, Larp1, is found in a complex with poly(A)
binding protein (PABP), eIF4E, and eIF4G (Burrows et al.). Larp1 is also
present in Drosophila where it associates with PABP (Blagden et al.,
2009), so we tested for genetic interactions between bin3 and larp1.
No effect of larp1 on either bin3 or bcd mutants alone was detected
Table 3
bin3 genetic interactions.
Relevant genotype
(female×male)
n Developed
(%)
Embryonic
lethality (%)a
Controls (from Table 1)
1. bin3
4−7
bin32−7
× w1118 676 52.5 6.2
2. bin3
4−7
bin32−7
× bin3
2−7
Df 2Rð Þ 823 50 18.7
d4EHP
3. d4EHP
CP53
d4EHPCP53 ×
d4EHPcp53
d4EHPcp53 240 92.5 11.2
4. bin3
4−7
bin32−7
; d4EHP
CP53
d4EHPCP53 ×
KG0599
Df 2Rð Þ 420 76 6
5. bin3
4−7
bin32−7
; d4EHP
CP53
bcdE1 ×
bcdE1
Df 2Rð Þ 410 84.1 14.5
eIF4E
6. eIF4E
07238
+ × w1118 298 90 3.0
7. w1118
bin32−7
; eIF4E
07238
+ ×
KG0599
Df 2Rð Þ 350 70 20
8. eIF4E
07238
bcdE1 × w1118 401 96.2 1.5
9. bin3
4−7
bin32−7
; eIF4E
07238
bcdE1
KG0599
Df 2Rð Þ 303 71.2 32.4
10. eIF4E
67Af
bcdE1 × w1118 215 95.3 2.4
11. bin3
4−7
bin32−7
; eIF4E
67Af
bcdE1 (genotype is inviable)
eIF4A
12. eIF4A
02439
+ × w1118 279 98.2 1.8
13. bin3
4−7;
bin32−7 ;eIF4A02439
× KG0599Df 2Rð Þ 295 59.3 17.1
14. bin3
4−7;
bin32−7 ; eIF4A02439
bcdE1
+ ×
KG0599
Df 2Rð Þ 316 88.6 14.3
cdk9
15. cdk9
f05537
+ × w1118 600 95 2.1
16. bin3
4−7
bin32−7 ; cdk9f05537
× KG0599Df 2Rð Þ 274 67 20
17. bin3
2−7 ;
cdk9 f05537
bcdE1
+ ×
KG0599
Df 2Rð Þ 177 96 6
18. bin3
4−7 ;
bin32−7 ; cdk9f05537
bcdE1
+ ×
KG0599
Df 2Rð Þ sterile
larp1
19. larp1
06487
+ × w1118 385 97.4 2.7
20. bin3
4−7
bin32−7
; larp1
06487
+ ×
KG0599
Df 2Rð Þ 315 74.6 16.2
21. larp1
0648
bcdE1 × w1118 207 97.5 1
22. bin3
4−7
bin32−7
; larp1
06487
bcdE1 ×
KG0599
Df 2Rð Þ 515 85.4 34.1
pAbp
23. pAbp
k10109
+ × w1118 345 98.5 1.8
24. bin3 9−4ð ÞpAbpk10109 ×
KG0599
Df 2Rð Þ 300 91.6 2.5
25. pAbp
k10109
+ ;
bcdE1
+ × w1118 220 95.4 4.8
26. bin3
2−7
+ ;
bcdE1
+ ×
KG0599
Df 2Rð Þ 300 96.6 4.1
27. bin3
2−7
pAbpk10109 ;
bcdE1
+ ×
KG0599
Df 2Rð Þ 419 75.5 14.3
ago2
28.
ago2414 × w1118
+
285 96.5 2.2
29. bin3
4−7
bin32−7
; ago2
414
+ ×
KG0599
Df 2Rð Þ 229 72 24.2
30. ago2
414
bcdE1 × w1118 306 98.3 .33
31. bin3
4−7
bin32−7
; ago2
414
bcdE1 ×
KG0599
Df 2Rð Þ 166 85 24.8
a All lethals (indicated by %) showed anterior defects.
Fig. 7.Model for role of Bin3 in Bicoid-dependent caudal repression. The model shown
is based on molecular and genetic data presented in this paper, prior work showing
direct interaction between Bin3 and Bicoid (Zhu and Hanes, 2000), and biochemical
data from studies on human Bin3 (Jeronimo et al., 2007). In this model, Bicoid recruits
Bin3 to the BRE in the caudal 3′ UTR. Bin3 associates with Larp1 and 7SK RNA, which
serves as scaffold for other protein interactions including Ago2 and PABP which
contribute to negative regulation of initiation. The role of Drosophila 4EHP is not certain
in our model since no genetic interactions with Bin3 were detected. However, given
previous studies (Cho et al., 2005), it is possible that Bin3 facilitates 4EHP binding to
Bicoid and to the m7G cap of caudal mRNA. Although Bin3 is drawn as methylating the
5′ end of 7SK RNA as part of this repression complex, this modiﬁcationmay instead take
place co-transcriptionally during 7SK RNA synthesis (Xue et al., 2010). See text for
details.
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although we note that the larp1 allele used was a weak hypomorph.
However, modest interactions (27.6% embryonic lethality vs. 34.1%)
were detected by combining the larp1 allele with a bin3 bcd double
mutant (Table 1, line 17 vs. Table 3, line 22). larp1 also showed a
genetic interaction with a 7SK RNA insertion allele (data not shown).
Finally, we tested genetic interactions between bin3 and the genes
encoding PABP (pAbp) and Ago2, both of which bind the 3′ UTRs and
regulate translation initiation through binding to eIF4E (Filipowicz
et al., 2008). In general, PABP stimulates initiation, while Ago2 along
with miRNAs represses initiation. However, PABP can also participate
in gene-speciﬁc translation repression (Duncan et al., 2009; Kawaharaet al., 2008). Indeed, we found that bin3 bcd pAbp compound
heterozygotes showed increased embryonic lethality (14.3%) versus
the bin3 bcd control heterozygotes (4.1%) (Table 3, lines 26 vs. 27).
bin3 and ago2 mutants also showed a modest interaction, 18.7% vs.
24.2% lethality (Table 3, line 2 vs. line 29). Thus, compromising either
pAbp or ago2 results in a higher frequency of bin3 embryonic lethality.
We note that although the genetic interactions between bin3 and
genes encoding translation regulators, eIF4E, larp1, pAbp and ago2,
were modest, these mutations were in the heterozygous state. And,
although quantitative counts were not done for the lethal embryos in
Table 3, essentially all of them speciﬁcally phenocopied the head
morphology defects of mutations that disrupt the Caudal protein
gradient. We interpret the molecular and genetic data to indicate that
Bcd, Bin3, Larp1, 7SK RNA, Ago2, and PABP are all bound to the caudal
BRE in an interdependent complex stabilized byweak protein–protein
and protein–RNA interactions (Fig. 7). This complex would interact
with the 5′ end of the message by targeting eIF4E.Bin3 enhances Bicoid interaction with the BRE
In the above model, Bin3 should help stabilize Bicoid at the caudal
BRE. To test this, we carried out RIP using anti-Bicoid antibodies and
extracts from 0- to 4-h embryos and found a strong association of
Bicoid with the BRE, as expected (Fig. 6B). In bin3mutants, association
of Bicoid with the BRE was signiﬁcantly reduced. As expected for the
control 3′ UTR region, we found a much lower association of Bicoid
(Fig. 6B). The moderate signal obtained at the 5′ UTR might be
expected, since RNA looping is known to occur during translation
initiation; this would place the 5′-cap and 3′BRE regions in proximity
for crosslinking. No changes in bcd transcript levels, splicing patterns
or protein levels were observed in bin3 mutants (data not shown).
These results, along with our prior work showing a direct interaction
between Bin3 and Bicoid, suggest that Bin3 helps stabilize Bicoid at
the caudal 3′ UTR. However, the reduction in the amount of Bicoid
bound to the BRE, while signiﬁcant, may not be sufﬁcient to account
for the extent of loss of caudal translation repression. We suggest that
methylation of 7SK RNA by Bin3 is also important for stabilization
and/or activity of the repression complex.
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Bin3 is a likely RNA methyltransferase
Thehumanhomologof Bin3, also calledBCDIN3ormethylphosphate
capping enzyme (MePCE), was shown tomethylate the 5′ γ-phosphate
on 7SK RNA and to stabilize 7SK RNA in cell culture (Jeronimo et al.,
2007). Here, we found that Bin3 associates with and stabilizes 7SK RNA
in ovaries and embryos.And, as in human cells, Bin3 activitywas speciﬁc
for 7SKRNAanddidnot affect U3RNAor another RNApol III product, U6
RNA (data not shown), both of which are methylated by distinct
mechanisms (reviewed in Shuman, 2007). It seem likely, therefore, that
Drosophila Bin3 has a similar biochemical activity to its human
counterpart despite differing in size and sequence outside the AdoMet
binding domain and the highly conserved Bin3-homology domain. Prior
attempts to demonstrate protein–argininemethyltransferase activity of
Bin3were negative (Zhu andHanes, unpublished data), consistent with
Bin3 methylating RNA rather than protein. In Drosophila, there are two
other Bin3-like genes, CG11342 and CG1239, but each ismore divergent
from the human BCDIN3 within the conserved motif architecture (24%
and 39% identity, respectively) than Bin3 (44% identity). It is possible
that CG1239, which is expressed in early embryos, could have partially
overlapping functionswithBin3 thatmight contribute to the incomplete
penetrance of our bin3mutations.
Putative Bin3 orthologs containing the two conserved motifs are
found in at least 70 eukaryotic organisms ranging from the yeast,
Schizosaccharomyces pombe to humans, and including Caenorhabditis
elegans, Arabidopsis thaliana, Xenopus laevis, and Danio rerio. It is not
known what any of these genes do, with the possible exception of the
zebraﬁsh bin3 gene which was shown by morpholino knockdown to
be important for anterior development and to display RNA splicing
defects (Barboric et al., 2009).We looked for similar defects in splicing
of bicoid, caudal, eIF4E, d4EHP, and a control gene, taf1, known to show
alternative splicing (Katzenberger et al., 2006). We did not ﬁnd any
splicing defects using a sensitive qRT-PCR approach. It is possible that
the splicing defects in zebraﬁsh result from aberrant 5′ capping of
non-coding RNAs important for splicing.
Mammalian 7SK RNA has been studied extensively, but Drosophila
7SK RNA has only been annotated (Gruber et al., 2008), and prior to
this study has not been characterized. Here, we show that 7SK RNA is
highly expressed in ovaries and embryos and is regulated by Bin3 in a
manner similar to that in humans (by BCDIN3). 7SK RNA can be
coimmunoprecipitated with Bin3 and Bicoid and may work as a
scaffold in translation repression. This is the ﬁrst indication that 7SK
RNA has a function apart from its role in the regulation of the pTEFb
transcription elongation factor. While our study focused on Bicoid-
dependent regulation, it is likely that 7SK RNA also functions in
transcription elongation in other stages of development. Indeed, we
found that Drosophila 7SK RNA mutants showed larval lethality at
later stages of development (data not shown).
A model for Bin3-dependent repression of caudal translation
Bin3 seems to play no role in Bicoid's gene activation function, but
instead is crucial for Bicoid-dependent repression of caudal mRNA.
Bin3 seems to stabilize Bicoid at the caudal BRE via a mechanism
that involves 7SK RNA. As suggested by genetic interaction data, the
Bicoid/Bin3/7SK RNA complex may include Larp1, PABP, and Ago2,
and target the eIF4E initiation factor (Fig. 7).
La-related proteins are not restricted to control of transcription
elongation. InC. elegans, a Larp1homologwas shown tobe important for
downregulation of translation of mRNAs in the Ras-MAPK pathway and
to localize to P-bodies, known sites of mRNA degradation (Nykamp
et al., 2008), while inmammalian cells, LARP4B plays a stimulatory role
in translation initiation (Schafﬂer et al., n.d.). InDrosophila, Blagden et al.
(2009) showed that Larp1 associates directly with PABP independent ofRNA and double mutants show enhanced lethality, suggesting that
Larp1 facilitatesmRNA translation. It is not surprising, therefore, thatwe
observed genetic interactions between bin3 and larp1, as well as with
pAbp in the context of caudal translation regulation. Note that in our
model PABP (and Larp1) plays a negative role in translation initiation, as
does PABP in the repression ofmsl-2mRNA by Sex-lethal (Duncan et al.,
2009).
In human cells, BCDIN3 and LARP7 interact cooperatively with 7SK
RNA forming a stable core complex that associates transiently with
HEXIMS, hnRNPs and the P-TEFb elongation complex (Krueger et al.,
2008). An emerging theme is that 7SK RNA serves as a scaffold for
stable association of protein partners (Xue et al., 2010). In fact, there is
evidence that 5′ γ-methylation of 7SK RNA by BCDIN3 may occur co-
transcriptionally, but that the modiﬁed RNA remains associated with
both BCDIN3 and LARP7, which bind 7SK RNA cooperatively (Xue
et al., 2010). In our model, we propose, therefore, that Bin3 and Larp1
are associated with 7SK RNA at the caudal BRE, but that 5′-
methylation does not necessarily occur there. Consistent with the
idea of cooperative binding to 7SK RNA, we found that larp1mutation
enhanced the bin3 mutant phenotype.
Some of the phenotypes we observed for bin3 mutants were also
observed in mutants of the microRNA miR-184 (Iovino et al., 2009),
including oogenesis defects and a cellularization defect (data not
shown). This was the rationale behind including ago2 in our genetic
analysis. However, we did not ﬁnd any effect of bin3 mutation on
levels of several miRNAs, including miR-184, so we were surprised to
observe a genetic enhancement (albeit mild) of the bin3 phenotype
when combined with an ago2mutation. Ago2 has been shown to bind
eIF4E and interfere with mRNA circularization mediated by PABP
(Filipowicz et al., 2008). However, this occurs in the context of the
miRNA/RISC complex, so whether and how Ago2 participates in
Bicoid-Bin3 repression is not clear, but it could potentially involve the
7SK RNA component.
Finally, we did not detect an interaction between bin3 and D4EHP,
which encodes a previously identiﬁed partner of Bicoid important for
repressing caudal translation (Cho et al., 2005). D4EHP interacts with
Bicoid and is thought to directly bind the m7G cap of caudal mRNA,
thereby displacing eIF4E and blocking all subsequent steps of
initiation. Perhaps the Bin3 mechanism works redundantly with the
D4EHP mechanism or perhaps Bin3 helps recruit D4EHP, and so that
mutation of bin3 would preclude binding of D4EHP to the initiation
complex. Thus, bin3 mutation would be epistatic to the D4EHPCP53
mutation. Further investigation will be needed to determine relation-
ship between these two pathways.
Potential role of Bin3 in Grk translation repression
Bin3 is unlikely to be a dedicated Bicoid interactor and probably
has roles as an RNA methyltranferase in many distinct pathways
throughout development. In adults, quantitative trait transcript
analysis linked bin3 with sleep–wake cycling (Harbison et al., 2009).
While studying Bin3's role in embryonic patterning, we observed
strong oogenesis defects, particularly in bin3 null mothers, although
other allelic combinations also revealed similar defects, especially at
29 °C. Speciﬁcally, bin3 loss-of-function mutants showed dorsalized
egg shell phenotypes. Conversely, bin3 overepressing lines showed
strong ventralized egg shell patterns that appear to result from a
failure of the dorsal appendage primordium to resolve into two
domains along dorsal midline. These defects are similar to those of
early D–V patterning mutations in the grk pathway, and probably do
not result from defects that occur in later during morphogenesis steps
(Berg, 2005).
bin3 loss-of-function mutants resembled mutations in capicua, squid,
cup and fs(K10), amongothers,while bin3overexpressing lines resembled
grk and pAbp mutations (Clouse et al., 2008; Goff et al., 2001).
Interestingly, mechanisms for translation repression of unlocalized grk
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cup playing a critical role in repression via interaction with eIF4E, and
PABP55being important for releaseof that repression (Clouseet al., 2008).
Staining of bin3 mutant ovaries revealed a delocalized signal for Gurken
protein but not for grkmRNA (Fig. 4). Given the role of Bin3 in translation
regulation, and the egg shell phenotypes of bin3 mutations, it seems
plausible that Bin3 plays a role in negative regulation of grk translation.
Conclusions
Results presented here show that Bin3 plays a critical role during
both oogenesis and embryonic development. In embryos, Bin3 is
required for Bicoid to establish the Caudal protein gradient. Bin3 binds
7SK RNA and likely works by methylating 7SK RNA and stabilizing a
repressive complex that assembles on the Bicoid-response element in
the 3′ UTR of caudal mRNA. Bin3's role during oogenesis is less clear,
but based on the observed eggshell phenotypes in bin3 mutants, and
gurken expression, Bin3 could play a similar role to help ensure that
grk mRNA is translated only in the anterior–dorsal region of the
oocyte.
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